Spin-resolved scanning tunneling microscopy is employed to quantitatively determine the spinpolarization of the magnetic field-split Kondo state. Tunneling conductance spectra of a Kondoscreened magnetic atom are evaluated within a simple model taking into account inelastic tunneling due to spin excitations and two Kondo peaks positioned symmetrically around the Fermi energy. We fit the spin state of the Kondo-screened atom with a Spin Hamiltonian independent of the Kondo effect and account for Zeeman-splitting of the Kondo peak in the magnetic field. We find that the width and the height of the Kondo peaks scales with the Zeeman energy. Our observations are consistent with full spin-polarization of the Kondo peaks, i.e., a majority spin peak below the Fermi energy and a minority spin peak above.
The Kondo effect was discovered experimentally nearly one century ago and starting from the 1960s theory has been employed to unravel its origin and properties [1] . It arises from the screening of a localized magnetic moment by host electrons, which leads to a Fermi-level resonance in the density of states. Kondo physics in the absence of a magnetic field has been studied extensively [2, 3] , whereas the precise behavior of the Kondo state in a magnetic field is less studied [4] [5] [6] . The coupling of the localized spin to the environment sets the relevant energy scale which is typically referred to as Kondo temperature T K . For magnetic fields exceeding this energy the Kondo resonance splits. However, the spin-resolved properties of this split Kondo state and in particular the amount of spin-polarization of the two resulting peaks remains elusive [7, 8] . While there is one spin-resolved measurement of a split Kondo-state [9] , the asymmetry of the peaks was not studied systematically and a comprehensive picture is missing.
The Kondo effect of a single atom or molecule on a surface can be probed with scanning tunneling spectroscopy (STS) [3] . When the magnetic atom exhibiting Kondo scattering is only weakly coupled to the conduction electrons of the substrate a perturbative description can be used [10] and a logarithmic peak at the Fermi energy is detected [11] . For stronger hybridization with the substrate the arising correlations lead to a change in the density of states [4] , which is typically described by a Lorentzian or a Frota function [12] . An additional linear tunnel channel gives rise to interference between different paths, leading to an asymmetric, Fano-like, lineshape [13, 14] . Systems with a spin S > 1/2 can show the Kondo effect when the magnetocrystalline anisotropy leads to a degenerate m = ±1/2 ground state [5] . Then the resonance at zero bias is accompanied by steps in the tunnel spectra due to inelastic electron tunneling that excites the spin at finite energy. Inelastic tunnel spectroscopy has been employed to investigate such spin excitations in single atoms, molecules, and small clusters on ultra-thin insulating layers, semiconductors, and metals [5, [15] [16] [17] [18] [19] . All these experiments were interpreted within a model spin Hamiltonian taking into account the spin, the g-factor, and the magnetocrystalline anisotropy, reproducing the magnetic field dependence of the observed steps in the tunnel spectra.
In this letter we quantitatively determine the spinpolarization of the magnetic field-split Kondo state with spin-resolved STS in an external magnetic field. As a Kondo system we use a Co S = 3/2 atom on a thin insulating Cu 2 N layer, decoupling it from a metallic Cu(001) surface. The arising crystal field splitting leads to a m = ±1/2 ground state of the adatom [5] . We fit our experimental STS data using a model that treats the contributions to the differential conductance from inelastic spin flip excitations and Kondo effect separately. Via the spin flip excitations from the m = 1/2 to 3/2 states we can determine the magnetic properties of the adatom independent from the Kondo resonance. Using the experimentally determined spin-polarization of the tip we can directly deduce that the split Kondo state is fully polarized. Figure 1 (a) sketches the experimental setup of our spin-polarized scanning tunneling microscopy (SP-STM) measurements [20, 21] of individual Co atoms on Cu 2 N/Cu(001) [5] . Co atoms adsorb on the Cu binding site of the Cu 2 N and have been found to have a spin of S = 3/2 with a hard anisotropy axis in the surface plane, perpendicular to the bonds to neighboring N atoms. Two chemically equivalent Cu binding sites exist with the uniaxial hard anisotropy axes perpendicular to each other (white lines in Fig. 1(a) ). A magnetic field B applied in the surface plane gives rise to two inequivalent Co atoms on the surface regarding the direction of the magnetic field with respect to the Co magnetic quantization axis: magnetic field parallel to the hard anisotropy axis (denoted CoV) and perpendicular to it (denoted CoN). This enables measurements of two Co atoms in inequivalent magnetic field directions with the same spin-polarized tip. Tunnel spectra were acquired at the STM temperature of 0.5 K by recording the differential conductance as a function of sample bias, dI/dV (V ), with the tip positioned above isolated atoms. The tunnel spectra in the absence of a magnetic field exhibit two distinct features; see inset in Fig. 1 (a): a Kondo resonance at E F and spin flip excitations appearing as steps at about ±5 mV. In magnetic field the Kondo resonance splits and a doublepeak emerges ( Fig. 1(b) ,(c)). In addition the energy of the spin excitation shifts and another low energy spin excitation due to a transition between m = ±1/2 states becomes possible, which is superimposed on the Kondo peaks. Magnetic fields applied along different crystallographic directions result in different amounts of splitting due to the magnetic anisotropy of the Co atoms [5] , compare insets in Fig. 1(b) and (c) for CoV and CoN. When measured with a non-spin-polarized (spin-averaging) tip the spectra are mirror-symmetric with respect to 0 V sample bias, whereas a spin-polarized tip leads to different step and peak heights for positive and negative bias, compare gray and colored spectra in Fig. 1(b) ,(c).
The asymmetry of the step heights for the spin excitations is due to the spin polarization of the tunnel current in conjunction with the selections rules of the spin flip transition [21] . The role of the Kondo effect for the asymmetry of the spectra is unclear and at the heart of this investigation.
The spin-polarized tip was prepared by picking up Mn atoms from the surface with the STM tip [21] . Since the measured spin-polarization in a tunnel experiment is the product of sample and tip spin polarization, η eff = η sample · η tip , it is crucial to characterize the degree of spin-polarization of the tip. This was done by spin-resolved inelastic tunnel spectroscopy of individual Mn atoms on the same surface. Mn atoms on Cu 2 N show one spin flip excitation at about 1 mV [16] .
When measured with a spin-polarized tip the heights of the inelastic steps at positive and negative voltage (h + and h − ) differ [21] . The asymmetry of the step heights η eff step = (h − −h + )/(h − +h + ) for two individual Mn atoms is measured as a function of magnetic field. Due to the small magnetocrystalline anisotropy of Mn the nominal spin-polarization of the step is η Mn = 1. In this case the experimental η eff is a quantitative measure of the tip spin polarization. We find that the magnetic-field dependence of the tip's spin polarization is consistent with paramagnetic behavior of the Mn atoms on the sample and the metallic tip. Hence magnetic field-dependent spin polarization of tip and sample are well described by Brillouin functions (solid line in Fig. 1(d) ). In the following we use this functional dependence to account for the field dependence of the tip's spin polarization.
To determine the spin polarization of the split Kondo state quantitatively it is necessary to disentangle the spin flip excitation features and the Kondo resonance in the tunnel spectra. We fit the experimental data with a simple model: we consider for each tunnel spectrum two spin flip transitions and model the Kondo peaks by Frota functions; see experimental and decomposed spectra at B = 5 T in Fig. 2(a),(b) as an example. The full spec- trum is therefore
where θ is the temperature-broadened step function
with x = ε kB T , and g is the Frota function [11, 14, 22] g(ε,
where the half-width at half-maximum of the peak is given by Γ K = 2.54 Γ F [12] . At temperatures T ≪ T K and B = 0 it is directly related to the Kondo temperature
The 'outer' step at around ε o = ±5 mV with height h o corresponds to the excitation from 1/2 to 3/2 states; the 'inner' step with h i occurs between the ±1/2 states and is found at an energy ε i < 1 meV. Based on previous work [5] we introduce the constraint that the Kondo peak energy is identical to the energy of the ±1/2 transition, ε K = ε i , and fit all remaining parameters allowing for a vertical offset σ 0 .
The step energies ε o and ε i resulting from the fits are displayed as symbols within the energy level graphs for both a CoV and a CoN atom in Fig. 2(c),(d) . They now serve as input parameters for a calculation with a model spin Hamiltonian for each Co atom accounting for Zeeman splitting, uniaxial, and transverse magnetic anisotropy,Ĥ
The solid lines in Fig. 2 is the product of the tip polarization as determined in Fig. 1(d) , and the polarization of the spin excitation calculated from the transition matrix elements for the Spin Hamiltonian [23] . Whereas the measured step asymmetry η o extracted from the spectra (symbols) agrees well with the calculated effective asymmetry, the experimental values of η i are slightly smaller than the calculated ones. This is possibly caused by a competition between spin flip excitation and Kondo scattering. Considering the overall agreement between the fits to the tunnel spectra and the calculation, we conclude that we can capture the contributions from inelastic spin flip excitations with this simple model spin Hamiltonian, similar to previous work [5, [15] [16] [17] [18] [19] . We now turn to our initial question about the spin polarization of the split Kondo peak. Figures 3(a),(b) present the Kondo-related spectra, i.e. the difference between the original data and the spin flip excitation contributions as fitted in Fig. 2 . It becomes apparent, that the asymmetry at ±ε K is not only due to the polarization of the spin flip excitation step at ε i , but that indeed there is a significant asymmetry of the Kondo peaks. The fitting parameters related to the Kondo feature (cf. Eqs. 1 and 3) are displayed in Fig. 3(c)-(f) . We find that the peak width Γ K increases, Fig. 3(c) , and the peak height h K drops, Fig. 3(d) , with increasing magnetic field for both CoV and CoN. Interestingly the behavior of the Co atoms seems to be related to the splitting energy as the data for CoV and CoN fall on top of each other when plotted versus the peak energy ε K . From the peak width at B = 0 (Γ 0 K ) the Kondo temperature can be extracted to T K = 2.4 ± 0.2 K, which is equivalent to an energy of 0.21 meV. When the splitting of the Kondo feature due to the applied magnetic field exceeds this energy (cf. dashed vertical lines), we observe linear behavior for the peak width, which surprisingly follows a simple equation:
Furthermore, we observe a 1/ε K dependence for the peak height. Consequently, the area under the Kondo peak remains constant irrespective of magnetic field up to 7 T (Fig. 3(e) ). Figure 3 (f) demonstrates that the effective polarization of the Kondo peak η eff K for both CoV and CoN stays constant and is close to 0.5. The small systematic offset between the CoV and CoN polarization may be related to higher order effects in the inelastic tunneling [11] . Simulated spectra with ηK = 1 and a magnetic field which splits the Kondo state by εK = 2ΓK for different tip spin polarizations; gray is the sum of majority and minority states, i.e. the experimentally measured spectrum.
In Fig. 4(a) we plot the spin-polarization of the Kondo peak η K and find that it scatters around one. This key finding indicates that the Kondo feature is fully spinpolarized, meaning that the peak at negative sample bias, i.e. occupied density of states, is entirely in the spin-up density of states (majority spin states) and the peak at positive bias, i.e. unoccupied states, is entirely in the spin-down density of states (minority spin states). The implication for a tunnel spectroscopy experiment in an external magnetic field is illustrated in Fig. 4(b) : when the tip polarization is 0, two Kondo peaks with equal height are measured, whereas a fully spin-polarized tip with η tip = 1 would lead to a single peak at −ε K .
To conclude, our experiments show that the magnetic field-split Kondo state can be described by two independent fully spin-polarized peaks, one with spin-up and the other one with spin down density of states. The two peaks shift by the Zeeman energy according to the model spin Hamiltonian. For magnetic fields that exceed the characteristic Kondo energy, the width of the peaks increases linearly with the splitting energy, and together with a decreasing height this leads to a constant spectral weight of the fully spin-polarized peaks. These experimental results can serve as a reference for further theory studies of the spin-resolved behavior of the Kondo effect in an external magnetic field. In addition the fieldsplit Kondo state could be exploited to serve as a magnetic probe in transport measurements, similar to the fully spin-polarized magnetic field split superconducting state [24] . Experimentally, this could be realized, for example, by attaching a magnetic molecule that exhibits a Kondo resonance to the tip apex. The Kondo resonance would then act as an energy-dependent spin filter for quantitative spin-resolved STM measurements.
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